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Abstract. Dehydration of more than 0.5 ppmv water was 
observed between 18 and 19 km (0-450-465 K) at the edge of 
the Arctic polar vortex on February 1, 1996. More than half 
the reactive nitrogen (NOy) had also been removed, with layers 
of enhanced NOy at lower altitudes. Back trajectory calcula- 
tions show that air parcels sampled inside the vortex had expe- 
rienced temperatures as low as ! 88 K within the previous 12 
days, consistent with a small amount of dehydration. The 
depth of the dehydrated layer (-1 km) and the fact that trajec- 
tories passed through the region of ice saturation in one day 
imply selective growth of a small fraction of particles to sizes 
large enough (>10 pm) to be irreversibly removed on this 
timescale. Over 25% of the Arctic vortex in a 20-30 K range 
of 0 is estimated to have been dehydrated in this event. 
Introduction 
Unlike the Antarctic polar vortex, temperatures in the Arctic 
stratosphere fall below the ice point infrequently and for short 
durations. Though a high degree of chlorine activation has 
been observed in the Arctic, limited data exist on dehydration 
and denitrification (the irreversible r moval of H20 and NOy, 
respectively). In situ measurements of Fahey et al. [1990] 
showed denitrification in the Arctic but little dehydration. 
Dehydration occurs by the growth of particles large enough to 
sediment out, either to lower altitudes in the stratosphere or 
into the troposphere. A large fraction of NOy may be incorpo- 
rated into the particles and also removed. As temperatures fall 
below 200 K, sulfate aerosol accumulates water and nitric 
acid, in a ratio near 3 to 1. Because water is more than 100 
times as abundant, much of the nitric acid (z 75 % of NOy) can 
be incorporated into particles with negligible loss of water 
vapor. Only when temperatures approach the ice point will an 
appreciable fraction of water be taken up. When temperatures 
increase and sunlight returns in spring, nitric acid is photo- 
lyzed to yield NOn (NO + NO2). The NOn converts active 
chlorine to C1ONO:, thereby limiting the extent of ozone loss. 
If nearly all the NOy is removed from the vortex, the destruc- 
tion of ozone by reactions involving halogen radicals proceeds 
unchecked by NO:, as in the Antarctic. 
Several key questions remain concerning the Arctic polar 
vortex. In addition to understanding the dynamics of vortex 
1Harvard University 
2NASA Goddard Space Flight Center 
3Naval Postgraduate School 
4jet Propulsion Laboratory 
5NOAA Climate Monitoring and Diagnostics Laboratory 
6NASA Ames Research Center 
Copyright 1998 by the American Geophysical Union. 
Paper number 98GL00115. 
0094-8534/98/98GL-00115505.00 
formation and breakup, it is important o know the amount and 
extent of dehydration and denitrification and the mechanism 
by which it occurs. Aside from the study of Fahey et al. 
[ 1990], dehydration in the Arctic has been observed on few 
occasions. With balloon-borne hygrometers and backscatter 
sondes, VSmel et al. [1997] directly observed decreases in 
water vapor and the presence of ice particles in the Arctic 
stratosphere in January 1996, during the same cold event 
responsible for the dehydration described in this paper. The 
vortex was relatively cold and long-lived in that winter, based 
on analyses of radiosonde data [Naujokat and Pawson, 1996]. 
During the recent Stratospheric TRacers of Atmospheric 
Transport (STRAT) mission, the NASA ER-2 aircraft encoun- 
tered the edge of the polar vortex on February 1, 1996. A large 
amount of denitrification (-60%) was observed along with 
smaller amounts of dehydration. We describe here the impli- 
cations of these observations on particle properties. The evo- 
lution of ozone and other chemical species in this event is 
being investigated with a Lagrangian photochemical trajectory 
model [Kohn et al., submitted to J. Geophys. Res., 1996], and 
will be presented in the future. 
Observations and Analysis 
The measurements were made with a tracers and reactive 
species payload on board the ER-2 during STRAT. Water 
vapor was measured by Lyman-• photofragment fluorescence 
with an accuracy of 10% [Weinstock et al., 1994]. CH 4 and 
N:O (5% accuracy and 1% precision) were measured with a 
tunable diode laser spectrometer [Webster et al., 1994], and 
reactive nitrogen (NOy = NO + NO 2 + HNO 3 + 2N205 + 
C1ONO 2 + ...) was measured with 7% accuracy by 
chemiluminescence [Fahey et al., 1989]. We also used 
measurements of H 2 [Elkins et al., 1996], condensation uclei 
(particles larger than about 8 nm) [Wilson et al., 1983], and 
temperature and pressure [Scott et al., 1990]. 
On February 1, 1996, the ER-2 passed through the edge of 
the polar vortex near 53 N, 96 W on the descent portion of a 
dive, from 465 to 448 K potential temperature (0), or 19.2 to 
18.2 km. The vortex air can be identified from the rise in 
condensation uclei [e.g., Wilson et al., 1989] and the sudden 
drop in N20 (Figure 1). For older stratospheric air, no longer 
influenced by the seasonal cycle in water vapor entering from 
the troposphere, the total hydrogen budget is nearly constant 
in the absence of dehydration [Dessler et al., 1994; Abbas et 
al., 1996]. In the vortex, the sum ofH20 + 2xCH 4 (Figure la) 
decreased by up to 0.6 ppmv compared to air outside the vor- 
tex while H 2 (the only other significant hydrogen species in the 
lower stratosphere) was within .03 ppmv of its average over 
the flight. Therefore, assuming constant H 2 along the ER-2 
trajectory, there was a 0.6 ppmv loss of total hydrogen, with an 
uncertainty of _+0.2 ppmv. 
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Figure 1. (a) Plots of H20 + 2xCH 4, NOy (dashed line), and condensation nuclei (CN) vs. 0, showing dehydration a d denitrifica- 
tion as the ER-2 passed through t e pola/' vortex. Altitudes are approximate. (b) Similar plots for N20 (dashed line), and for NOy 
normalized toNOy*. Enhanced NOy was observed near the bottom of the ER-2 profile on both the descent and ascent. 
In contrast to the relatively small amount of dehydration, 
the air had lost a large fraction of its NOy (Figure 1 a). N20 is 
the source gas for stratospheric NOy and they are typically 
inversely correlated, so the quantity NOy* (the amount 
expected from N20 loss) can be calculated from measured 
NOy/N20 correlations [Loewenstein et al., 1993]. The low 
NOy can be seen more clearly in a plot of NOy/NOy* (Figure 
lb). It can be attributed to denitrification rather than just very 
old air (where the NOy/N20 correlation changes) because the 
decreases in NOy and total hydrogen are coincident and the 
shapes of the depletions are similar. Lower in the profile (and 
outside the vortex), at 0 = 432 to 439 K and again near 415 K, 
NOy is up to 40% larger than NOy*. This enhancement at lower 
altitudes is likely to have been caused by the evaporation of 
particles that have fallen from above. It is not from oversam- 
pling of large particles by the NOy instrument [Fahey et al., 
1989], since at the temperatures encountered on this section of 
the flight (>212 K), nitric acid would have evaporated from the 
background sulfate aerosol. In the regions of enhanced NOy, 
no enhancement in total hydrogen was observed above the 0.2 
ppmv precision of the measurements. Unexpected increases in 
NOy in the vortex have been found previously with no apparent 
enhancement of H20 [Hiibler et al., 1990]. 
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Figure 2. Temperature history along an isentropic back trajec- 
tory at 455 K ending in the middle of the dehydrated layer. 
Day 32 corresponds to February 1, 1996. 
Meteorological Analysis 
To analyze the observed ehydration, we calculated 12-day 
isentropic back trajectories from points along the ER-2 flight 
track using National Centers for Environmental Prediction 
(NCEP) analyzed winds. Back trajectories in the polar vortex 
all showed extremely low temperatures (<190 K) about 10 
days prior to the ER-2 encounter, and another temperature 
minimum (<195 K) about 6 days later. A typical temperature 
history is shown in Figure 2. The location of the cold region 
was at high latitudes (70-80 N) near 0-30 W from about Janu- 
ary 10-24, where a high pressure system caused isentropes to 
be displaced upward with resultant adiabatic cooling. As air 
parcels traversed the vortex, they passed through this cold area. 
Trajectories were run in groups of five, with four points 
displaced 0.5 ø N, S, E and W of the central point on an 
isentropic surface. Over the 12 days of the back trajectory, the 
groups spread out no more than a few degrees of latitude and 
10 degrees of longitude. At their coldest point, trajectories 
inside the vortex reached 188 K, the ice point for 5 ppmv of 
water and 45 mb (corresponding to 0-456 K). This is cold 
enough to condense a small amount of water (-0.2 ppmv), but 
a much larger fraction of nitric acid would also be removed. 
Near 0 = 470 K (19.5 km), back trajectory temperatures were 
also very low, but because water vapor was lower outside the 
polar vortex, the ice point was not quite reached. Below the 
altitude of the observed dehydration, minimum temperatures 
were less than 195 K (the temperature often associated with 
the onset of significant polar processing), but were not low 
enough for water ice formation, while trajectories ending well 
outside the vortex never reached 195 K. Thus, the trajectory 
analysis was in qualitative agreement with the observed dehy- 
dration and denitrification in the vortex (see below). 
Using the reverse domain filling (RDF) technique [Newman 
et al., 1996; Sutton et al., 1994], potential vorticity (PV) and 
minimum temperatures over the previous 12 days were calcu- 
lated on a surface of 0 vs latitude along the ER-2 flight track. 
Both United Kingdom Meteorological Office (UKMO) and 
NCEP data showed areas which reached the ice point at the 
beginning of the ER-2 altitude profile (Figure 3), about 10 K 
above the location of the observed dehydration. Modified PV 
(MPV = PVx(420/0)(9/2); Lait [ 1994]) was very high from near 
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Figure 3. •F calculation of •V for the ER-2 flight cu•ain, 
from U•O alma. The thick black line (upper fight) indicates 
•eas below the ice point and the thin black line indicates •eas 
below the equilibrium temperature for nitric acid trihydrate 
within the previous 11 days. The approximate voaex edge 
(from •V analyses on 960 ] 2 ], advect• fo•d to 960201) 
is shown in pu•le. The ER-2 (white) flew noah at-470 K, 
executed an altitude profile, and returned ne• 500 K. 
the top of the profile to about 450 K, roughly consistent with 
the N20 and condensation nuclei observations, which indicated 
that the ER-2 was inside the polar vortex at that time. 
Mechanism and Extent of Dehydration 
and Denitrification 
The mechanism of dehydration was investigated by a series 
of calculations of particle size and sedimentation velocity, 
using data from the isentropic back trajectories. Particle num- 
ber density is estimated to be 4.0/cm 3, a typical value for this 
region [Wilson et al., 1989]. In the polar vortex, we calculate 
that particles reached 2 pm dia. during the coldest events along 
the back trajectories, assuming equal growth of all particles. 
2 gm particles have a sedimentation rate of about 50 m/day. 
During the day they were below 190 K they would only 
descend slightly, giving rise to at most a narrow layer with a 
small amount of dehydration. However, radiosonde data 
showed temperatures in some locations in the cold region 
several degrees lower than either NCEP or UKMO analyses. 
For example, on January 22 at Bjornoya (75 N, 19 E) tempera- 
tures fell below 188 K at 50 mb and reached 183 K at 40 mb. 
These temperatures could dehydrate the air by 2 ppmv or more 
and produce particles up to 5 gm in diameter. Even these 
particles would only fall about 500 m in one day. Any parti- 
cles too small to sediment would evaporate as the air warmed, 
releasing water and nitric acid back into the original air mass. 
To fall out of the (1 km thick) dehydrated and denitrified layer 
in one day requires particles larger than 10 gm. This could 
only occur with the selective nucleation of some of the aerosol, 
since there is not enough water to grow all the particles this 
large. Previous observations of aerosol size distributions have 
also shown evidence for the selective growth of a small subset 
of aerosols [e.g., Hofrnann et al., 1989]. 
From the observed 0.6 ppmv dehydration, a simple calcula- 
tion shows that about .075 particles/cm 3 can grow to 10 gm. 
This is a small fraction of the background aerosol (2-10 
particles/cm3). At the ER-2 intercept, more than half of NOy* 
was missing, so dehydration of 1.2 ppmv is an upper limit, 
assuming dilution by dynamical mixing processes occurred to 
give the observed 0.6 ppmv dehydration. Thus, the data imply 
the selective growth and sedimentation of large particles, in the 
range of 1 in 20 to 1 in 100. Alternatively, Wofsy et al. [ 1990] 
have suggested that ice particles falling from above may 
accrete a coating of nitric acid as they pass through the layer 
being denitrified. The results of Vdirnel et al. [1997] are 
consistent with either mechanism. They observed a layer of 
ice crystals partially below a layer of reduced water vapor, on 
January 22-23, 1996, at 67 N, 27 E. These ice crystals, present 
from 487 to 547 K, were larger than 1-2 gm radius and could 
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Figure 4. Polar projections of UKMO MPV and the area of ice saturation (dark blue) on January 21, 1996, and its subsequent 
evolution on the 475 K surface using a contour advection technique. The area of ice saturation temperatures i stretched out and 
circles the globe nearly twice before being sampled by the ER-2 (shown in yellow on the last map). 
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fall through a lower layer in the stratosphere, causing substan- 
tial denitrification with much less dehydration. Forward tra- 
jectory calculations for air parcels originating along these 
profiles indicate that they were near the ER-2 within a day of 
the vortex intercept. However, it must be emphasized that 
both of these mechanisms involve the selective growth of a 
small fraction of the aerosol. 
The enhanced Nay layers were likely produced inthe same 
cold region as the denitrification, but there is not a simple 
correspondence b tween the two. As a result of vertical wind 
shear, trajectories at 410-440 K passed through the cold region 
more than a day earlier than the denitrified layer, at which time 
sedimentation and evaporation of particles could have 
produced the enhanced Nay. As with the denitrified layer, the 
initial Nay enhancement may have been larger prior to dilution 
by wind shear near the vortex edge. 
While the observed dehydration was occurring (960121- 
960123), about 13% of the Arctic vortex experienced tempera- 
tures below the frost point, as determined from domain filling 
trajectory calculations. Figure 4 shows a contour advection 
calculation of a potentially dehydrated air mass as it circles the 
globe nearly twice before the encounter by the ER-2. In Janu- 
ary 1996, stratospheric temperatures were very low, with ice 
saturation and possible dehydration occurring on about 10 
days. The total area of exposure to ice saturation temperatures 
was approximately 27% of the vortex. Vtmel et al. [1997] 
estimate that up to half the vortex could have been dehydrated, 
over an approximately 50 K range of potential temperatures. 
Conclusions 
Dehydration near the edge of the Arctic polar vortex at 448- 
465 K (18.2-19.2 km) was observed on February 1, 1996, by 
the simultaneous measurement of all the major hydrogen 
species in the lower stratosphere. The dehydrated air was 
traced back along trajectories to an extremely cold event about 
ten days prior to the ER-2 intercept. Though the amount of 
dehydration was relatively small (0.6 ppmv; -10%) it was 
accompanied by large (>50%) denitrification. At lower levels 
(410-440 K; 16-17.5 km) enhanced Nay was found, from sedi- 
mentation and evaporation of particles. A small fraction of the 
available aerosol must have grown to sizes over 10 •tm, large 
enough to fall about 1 km in the day in which temperatures 
were less than 190 K. The cold event, which lasted more than 
a•week, could have dehydrated well over 20% of the Arctic 
vortex in a 20-30 K range of 0. Though the exact mechanism 
for selective nucleation of the aerosol remains uncertain, it is 
References 
Abbas, M. M., et el., The hydrogen budget of the stratosphere inferred 
from ATMOS/ATLAS 3 measurements of H20 and CH4, Geophys. 
Res. Lett., 23, 2405-2408, 1996. 
Dessler, A. E., et el., An examination of the total hydrogen budget of 
the lower stratosphere, Geophys. Res. Lett., 21, 2563-2566, 1994. 
Elkins, J. W., et el., Airborne gas chromatograph for in situ measure- 
ments of long-lived species in the upper troposphere and lower 
stratosphere, Geophys. Res. Lett., 23, 347-350, 1996. 
Fahey, D. W., et el., In situ aerosol measurements of total reactive 
nitrogen, total water, and aerosol in a polar stratospheric cloud in 
the Antarctic, J. Geophys. Res., 94, 11,299-11,315, 1989. 
Fahey, D. W., et el., Observations of denitrification and dehydration 
in the Winter polar stratospheres, Neture, 344, 321-324, 1990. 
Hofmann, D. J., et el., Balloon-borne measurements of aerosol, 
condensation uclei, and cloud particles in the stratosphere at 
McMurdo Station, Antarctica, during the spring of 1987, J. 
Geophys. Res., 94, 11,253-11,269, 1989. 
Hilbler, G., et el., Redistribution of reactive odd nitrogen in the lower 
Arctic stratosphere, Geophys. Res. Lett., 17, 453-456, 1990. 
Lair, L. R., An alternative form for potential vorticity, J. Atmos. Sci., 
51, 1754-1759, 1994. • 
Loewenstein, M. et el., New observations of the NOy/N20 correlation 
in the lower stratosphere, Geophys. Res. Lett., 20, 2531-3534, 
1993. 
Naujokat, B. and S. Pawson, The cold stratospheric winters 1994/1995 
and 1995/1996, Geophys. Res. Lett., 23, 3703-3706, 1996. 
Newman, P. A., et el., Measurements of polar vortex air in the midlati- 
tudes, J. Geophys. Res., 101, 12,879-12,891, 1996. 
Scott, S. G., et el., The Meteorological Measurement System on the 
NASA ER-2 aircraft, J. Atmos. Oceenic Tech., 7, 525-540, 1990. 
Sutton, R. T., et el., High-resolution stratospheric tracer fields 
estimated from satellite observations using Lagrangian trajectory 
calculations, J. Atmos. Sci., 51, 2995-3005, 1994. 
Vtmel, H., et al., Dehydration and sedimentation f ice particles in the 
Arctic stratospheric vortex, Geophys. Res. Lett., 24, 795-798, 1997. 
Webster, C. R., et el., Aircraft (ER-2) Laser Infrared Absorption 
Spectrometer (ALIAS) for in situ stratospheric measurements of
HC1, N20, CH4, NO 2 and HNO 3, Appl. Opt., 33, 454-472, 1994. 
Weinstock, E. M., et al., New fast response photofragment fluores- 
cence hygrometer for use on the NASA ER-2 and the Perseus 
remotely piloted aircraft, Rev. Sci. Instrum., 65, 3544-3554, 1994. 
Wilson, J. C., et el., The function and response of an improved strato- 
spheric ondensation nucleus counter, J. Geophys. Res., 88, 6781- 
6785, 1983. 
Wilson, J. C., et el., Observations of condensation nuclei in the 
Airborne Antarctic Ozone Experiment: Implications for new 
particle formation and polar stratospheric loud formation, J. 
Geophys. Res., 94, 16,437-16,448, 1989. 
Wofsy, S.C., et el., Condensation of HNO 3 on falling ice particles: 
mechanism for denitrification of the polar stratosphere, Geophys. 
Res. Lett., 17, 449-452, 1990. 
J. G. Anderson, E. J. Hintsa, and D. W. Kohn, Department of 
Chemistry and Chemical Biology, Harvard University, Cambridge, 
of critical importance, as it allows for the denitrification of MA 02138. (e-mail: hintsa@huarp.harvard.edu) 
large areas of the Arctic vortex when temperatures reach the L.R. Lair, P. A. Newman, d M. R. Schoeberl, Goddard Space 
frost point even in relatively small regions or for short periods. 
Acknowledgments. We thank D. W. Fahey, R. Gao, E. R. Keim, 
S. G. Donnelly, R. C. Wamsley, and L. Del Negro for NOy data and 
helpful discussions, C. R. Brock and J. C. Wilson for aerosol data, H. 
V/3mel for a preprint, A. E. Dessler for analysis of MLS HNO3 data, 
R. Swinbank for use of UKMO data, P.O. Wennberg and E. M. 
Weinstock for useful comments, and the pilots and crew of the ER-2. 
This research was supported by the NASA Upper Atmosphere 
Research Program, in part through grant NCC2-913. 
Flight Center, Greenbelt, MD 20771. 
H. H. Jonsson, Department of Meteorology, Naval Postgraduate 
School, Monterey, CA 94943. 
R. L. Herman, R. D. May, and C. R. Webster, Jet Propulsion Labo- 
ratory, Pasadena, CA 91109. 
G. S. Dutton, J. W. Elkins, and P. R. Wamsley, NOAA Climate 
Monitoring and Diagnostics Laboratory, Boulder, CO 80307. 
T. P. Bui, NASA Ames Research Center, Moffett Field, CA 94035. 
(Received July 10, 1997; revised December 19, 1997; 
accepted December 23, 1997.) 
